Abstract. Giant cell tumor of bone (GCTB) is among the most prevalent types of tumor of the bone in East and Southeast Asia. The high rate of local recurrence following intralesional curettage poses a challenge for the clinical treatment of GCTB. In the present study, the expression of matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), receptor activator of nuclear factor-κB (RANK) and RANK ligand (RANKL) in GCTB was investigated by immunohistochemical staining. A correlation between expression and preoperative magnetic resonance imaging (MRI) features was identified. The patients were followed up for ≥2 years after intralesional curettage. The rates of local recurrence were compared among different groups. A total of 74 cases of GCTB in the proximal tibia or distal femur were investigated. MRI features were retrospectively examined by correlation analysis. The expression of MMP-9 was demonstrated to be associated with cystic changes and the 'paint brush borders' sign (P<0.05), and positively associated with the expression of RANKL (P<0.05) and VEGF (P<0.05). Cystic changes, the 'paint brush borders' sign and adjacent soft tissue invasion were associated with high rates of local recurrence (P<0.05) and were therefore identified as significant risk factors. Pathologically, the 'paint brush borders' sign was demonstrated to be indicative of local invasion of the bone. These findings may be useful for predicting local recurrence of GCTB, and may provide important insight into the preoperative MRI features and molecular expression patterns of GCTB tumors.
Introduction
Giant cell tumor of bone (GCTB) is characterized by a large number of osteoclastic giant cells uniformly distributed amongst mononuclear spindle-like stromal cells and other rounded monocytes (1, 2) . It is among the most prevalent tumors of the bone in East and Southeast Asia, accounting for ~20% of all cases (3) (4) (5) . It is classified as an intermediate tumor (6) with characteristic locally invasive behavior leading to osteolysis (1, 7, 8) . GCTB is mainly treated by curettage; however, clinically, the high rate of local recurrence following curettage (13-65%) poses a major challenge for the treatment of GCTB (9, 10) .
Factors contributing to the prognosis of local recurrence of GCTB require investigation in order to achieve local control and guidance for surgical approaches. In the present study, literature concerning molecular prognostic factors for local recurrence of GCTB was reviewed to identify various potential prognostic factors. High activities of matrix metalloproteinase (MMP) and vascular endothelial growth factor (VEGF) have been linked to the biological aggressiveness of GCTB (11, 12) . Kumta et al (13) demonstrated that elevated levels of VEGF and MMP-9 in GCTB were positively correlated with local recurrence. In bone tumors, co-overexpression of receptor activator of nuclear factor-κB (RANK) and RANK ligand (RANKL) was identified as a potential discriminating factor for a poor prognosis (14) . The expression of RANKL affected the proliferation of neoplastic GCTB cells in another study (15) . Based on these studies, it has been hypothesized that GCTB expressing elevated levels of these proteins may be more prone to recurrence.
As a non-invasive method, magnetic resonance imaging (MRI) is valuable for the diagnosis and evaluation of bone tumors, owing to its heightened sensitivity to soft tissue disease and multiplanar image acquisition (16) . MRI may provide information regarding tumor margins and soft tissue extension, as well as cystic changes (17) (18) (19) . Biological aggressiveness and poor prognoses are associated with the aforementioned molecular expression patterns of GCTB (11) (12) (13) , and may also be evaluated through preoperative MRI. However, to the best of our knowledge, no previous studies have analyzed the association between molecular expression patterns, MRI features and the prognosis of GCTB. The present study aimed to investigate the association between prognostic protein expression and preoperative MRI features, and its value in predicting the local recurrence of GCTB. The present study was inspired by appeals for the establishment of a novel multiple-perspective evaluation system (20) . Furthermore, elucidation of the role of the expression of the aforementioned proteins in the local recurrence of GCTB will provide insight into the clinical value of investigating these molecular mechanisms.
Patients and methods
Patients. The present study was approved by the Institutional Review Board of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China). Written informed consent was obtained from all patients prior to enrolment in the study. All enrolled patients had been diagnosed with histopathologically-confirmed GCTB of the proximal tibia or distal femur. MRI and computerized tomography scans of all patients were obtained and analyzed prior to surgery.
Currently, intralesional excision is the preferred treatment of GCTB, rather than en bloc resection, although the latter is associated with reduced recurrence with the compromise of limb function. Both treatments are selective for patients at Ruijin Hospital.
To examine the factors associated with local recurrence, patients with ≥2 years of follow-up information available subsequent to intralesional curettage treatment, which was performed consistently by orthopedic specialists in Ruijin Hospital, were selected for retrospective study. A total of 69 patients were prospectively enrolled in the present study between January 2005 and October 2015. A total of 35 male and 39 female patients were eligible for inclusion in the present study. The median age was 29 years (range, 17-64 years). To exclude the impact of increased complexity of surgical treatment, 5 patients with pathological fractures and 4 patients with soft tissue masses were excluded from the present study.
Between March 2013 and July 2016, 36 patients (18 male and 18 female; mean age, 32.56 years; median age, 28.5 years; age range, 21-61 years) with GCTB around the knee were enrolled for investigation. Immunohistochemistry (IHC) features, including the protein expression of VEGF, MMP-9, RANKL and RANK, were studied. A total of 22 of these patients overlapped with the former group; en bloc resection was performed in the remaining 14 patients, 2 of whom were enrolled for investigation on the pathological basis of specific preoperative MRI features. Adjacent tissues obtained in seven cases as a negative control.
Immunohistochemistry (IHC)
. IHC was performed on formalin-fixed (23-26˚C for 24 h), paraffin-embedded tumor tissue samples, cut into 3-µm thick sections. The sections were deparaffinized with xylene, rehydrated in a descending ethanol series (100% for 5 min; 100% for 5 min; 95% for 5 min; 95% for 5 min; 85% for 3 min and 75% for 2 min), and treated using an automated immunostainer Bench Mark XT (Ventana Medical Systems, Inc., Tucson, AZ, USA) following antigen retrieval with citrate buffer (cat. no. ab64214; Abcam, Cambridge, UK) of pH 6.0, microwaved on high power until boiling (93˚C) for 5 min. The slides were kept warm by heating for 10 min at low power (4˚C). The coplin jar was left to sit in the microwave for at least 20 min. The sections were incubated with the following primary antibodies for 1 h at 37˚C: MMP-9 (dilution 2 at 37˚C] were used as the positive control for the other antibodies. IHC on adjacent tissues in the absence of the primary antibody were used as a negative control. The sections were analyzed with an Olympus light microscope (Olympus Corporation, Tokyo, Japan) using x10 and x40 objectives. Independent experienced pathologists FY and QZ, blinded to the clinical details of the individual patients, evaluated the immunoreactivity of VEGF, RANKL, RANK and MMP-9, using a scoring system. The expression levels of VEGF, RANKL, RANK and MMP-9 were semi-quantified using a visual grading system based on the extent of staining: grade 0, virtually no immunoreactivity; grade 1, patchy to diffuse weak immunoreactivity; grade 2, patchy to diffuse moderate immunoreactivity; and grade 3, patchy to diffuse strong immunoreactivity, as previously described (21, 22) . However, according to the results of the IHC analysis, there were very few cases of grade 0 and grade 3; therefore, 0-1 cases were classified into a low-grade group, and grade 2-3 cases into a high-grade group.
Imaging procedures. MRI was performed using a 1.5-T superconducting whole-body imager (SIGNA; GE Healthcare, Chicago, IL, USA) with dedicated extremity coils. A combination of axial, sagittal and coronal images was obtained using the following sequences: Spin-echo T1-weighted (TR range/TE range, 450-600 ms/15-20 ms), fast spin-echo T2-weighted (TR range/TE range, 3,500-4,000/80-120 ms) and fat-suppressed fast spin-echo T2-weighted (TR range/TE range, 3,500-4,000/80-120 ms). The field of view, slice thickness and inter slice gap varied depending on the region of interest and tumor size. The slice thickness was <5 mm and inter slice gap was 0.5 to 2.0 mm. The imaging matrix ranged from 192x256 to 256x256 pixels. For follow-up, the patients underwent routine anterior-posterior and lateral plain imaging.
Objective features and groups. A total of 4 imaging features, namely, cystic changes, the 'paint brush borders' sign, peritzmoral edema and adjacent soft tissue invasion, were evaluated and interpreted by 3 senior musculoskeletal radiologists (LD, JZ and XD, with 17, 22 and 25 years of experience, respectively) until a diagnostic consensus was reached. However, if a mutual consensus could not be reached, the majority opinion was used. GCTB cases were classified into positive and negative groups according to the aforementioned preoperative imaging features. GCTB margins are observed as well-defined, irregularly penetrating margins. The 'paint brush borders' sign is defined as penetrating irregular margins with a 'paint brush' appearance protruding towards the bone. This is visible on MRI scans as they offer a stark contrast between the high signal intensity of the bone marrow and the low signal intensity of tumor tissue. T1-weighted images provide a good demonstration of manifesting irregular protrusions compared with other sequences. Patients were classified as positive for the 'paint brush borders' if such margins were noted, irrespective of tumor number and shape. Cystic changes indicate liquefactive necrosis. This feature may be associated with a high cellular or protein content, and manifests as a homogeneous high signal intensity on T2-weighted images. Peritumoral edema is identifiable by a very high signal intensity on fat-suppressed MRI scans, which are used for the evaluation of joint effusion and edema. GCTBs were classified into 2 grades according to the presence of edema: Grade A, high signal intensity on fat-suppressed T2-weighted images and grade B, minimally increased signal intensity on fat-suppressed T2-weighted images. In GCTB, adjacent soft tissue invasion is indicative of tumor aggressiveness. Specifically, this feature is an indication of peripheral soft tissue involvement, coupled with loss of bone cortex, defined by low signal intensity on MRI scans (23).
Intralesional curettage procedure. All 60 patients were treated with intralesional curettage, which was performed by senior orthopedic surgeons. The tumor tissue was removed with a curette following creation of a wide cortical window. The remainder of the tumor cavity was eliminated with a high-speed burr. Phenol (5%) was applied to the borders of the cavity with cotton-tipped applicators at room temperature for 6 min, and then neutralized with 75% ethanol twice in 33 cases at room temperature. The remaining 27 cases were treated without phenol. Finally, the tumorcavity was carefully packed with polymethyl methacrylate filling. Surgical specimens were obtained from 2 selected patients treated with en bloc resection.
Follow-up and recurrence. All patients were re-examined by radiography or MRI annually for ≥2 years, regardless of their symptomatic status. For patients who were unable to undergo re-examination in Ruijin hospital, telephone, written or home visit follow-up was performed. Enlargement of the radiolucent zone was considered a reliable indicator of possible local recurrence. Recurrent tumor sex hibited high signal intensity around the polymethyl methacrylate filling on T2-weighted images. Patients were also re-examined immediately if any abnormal pain or swelling occurred following surgery.
Statistical analysis. Statistical analyses were performed using SPSS (version 22.0; IBM Corp., Armonk, NY, USA). Categorical variables are presented as the percentage and absolute number of patients. The associations between dichotomous attributes and local recurrence were analyzed using the χ 2 test. Fisher's exact test was used if the number of cases was <40. Independent factors were determined by multivariate logistic regression analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. All patient groups were classified according to the preoperative MRI features. The positive rates of the 'paint brush borders' sign, peritumoral edema, cystic changes and adjacent soft tissue invasion were 41.89, 51.35, 68.92 and 71.62%, respectively. Tissue specimens from 36 patients were investigated by IHC. The clinical characteristics of all enrolled patients are detailed in Tables I and II. Associations between preoperative MRI features and protein expression. High-grade MMP-9 expression was positively associated with cystic changes (P<0.05) and the 'paint brush borders' sign (P<0.05). MMP-9 expression also associated with the expression of RANKL (P<0.05) and VEGF (P<0.05; Table III) . However, VEGF, RANK and RANKL expression were not associated with any preoperative MRI features of GCTB (P>0.05; Figs. 1 and 2 ).
Follow-up and local recurrence. A total of 55 patients (91.67%) treated within tralesional curettage were successfully followed up, while the remaining 5 patients were lost to follow-up. A total of 32 patients did not experience recurrence. A total of 23 patients (41.18%) were diagnosed with recurrent GCTB; 20 of these patients (86.96%) experienced recurrence (Figs. 3 and 4) ; 16 (76.19%) of these patients experienced relapse during follow-up (Fig. 4) MRI, magnetic resonance imaging; PE, peritumoral edema; ASTI, adjacent soft tissue invasion; PS, 'paint brush borders' sign; CC, cystic changes; A/B, grade A/B; RANKL, receptor activator of nuclear factor-κB ligand; RANK, receptor activator of nuclear factor-κB; VEGF, vascular endothelial growth factor; MMP-9, matrix metalloproteinase-9. Table III . Association between MRI features and protein expression.
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Number (%) P-value Number (%) P-value Number (%) P-value Number (%) P-value .05. MRI, magnetic resonance imaging; VEGF, vascular endothelial growth factor; MMP-9, matrix metalloproteinase-9; RANK, receptor activator of nuclear factor-κB; RANKL, receptor activator of nuclear factor-κB ligand. tissue invasion was also revealed to be associated with local recurrence (χ 2 =4.935; P<0.05). Neither peritumoral edema, nor MMP-9, RANKL or VEGF expression were associated with local recurrence (P>0.05; Table IV) .
Analysis of confounding factors.
A total of 30/33 patients who had undergone additional adjuvant treatment were successfully followed up. There was no significant difference in the recurrence rates of patients treated with or without additional adjuvant therapy (P>0.05). Furthermore, no significant differences were observed in the recurrence rates of patients enrolled between January 2005 and January 2010, and those enrolled between January 2010 and October 2015 (P>0.05; Table IV) .
Confirmation of preoperative MRI features with pathological analysis.
Gross pathological sections from patients treated with en bloc resection were visually matched to the acquired MRI scans. The lengths of the protrusions of GCTB varied between 1.5 and 3.6 mm on the MRI scans. In the patients treated with en bloc resection, the lengths of the protrusions varied between 1.2 and 3.3 mm in gross pathological sections, while the MRI scans exhibited lengths between 1.6 and 3.2 mm. A number of multinucleated giant cells uniformly distributed amongst monocytes were observed in the protrusions (Figs. 2 and 5) , and the 'paint brush borders' sign identified by preoperative MRI was also observable in the gross pathological sections (Fig. 5) . Furthermore, the cystic changes and adjacent soft tissue invasion observed by MRI were visually matched to tissue samples corresponding to the GCTB coronal sections. Unfortunately, edema could not be evaluated pathologically as the sections were dehydrated.
Discussion
The primary purpose of the present study was to investigate the association between RANK, RANKL, VEGF and MMP-9 protein expression and preoperative MRI features identified in patients with GCTB. An association between MMP-9 and the 'paint brush borders' sign or cystic changes observable on MRI was demonstrated. Furthermore, specific preoperative MRI features were identified as prognostic factors in predicting local recurrence of GCTB.
The MMPs are a family of enzymatic proteins that are often overexpressed in the tumor microenvironment (24) . MMP-9 is regarded as a gelatinase B, type IV collagenase and is highly expressed during the early stages of osteoclast development, as well as in mature osteoclasts that resorb bone (25) . The primary function of MMP-9 in GCTB is to stimulate bone re sorption by giant cells (1) . In the present clinical study of preoperative MRI features, the 'paint brush borders' sign was visually matched with the corresponding gross pathological sections (Fig. 5) . The pathological basis of the 'paint brush borders' sign on preoperative MRI has been identified as an invasion of the bone around the lesions. Therefore, it has been hypothesized that the 'paint brush borders' sign may be indicative of osteolytic destruction. The present study revealed an association between the expression of MMP-9 and the 'paint brush borders' sign, which may contribute to the characterization of the molecular basis of this feature of the GCTB border.
To the best of our knowledge, the present study was the first to identify the 'paint brush borders' sign as a prognostic factor for local recurrence of GCTB following curettage. The success of intralesional surgical treatments is limited by the associated high rate of local recurrence. The present study revealed that GCTB tumors exhibiting the 'paint brush borders' sign on preoperative MRI scans were more likely to recur following intralesional curettage.
The pathological basis of the 'paint brush borders' sign was investigated using tissue sections. Invasion of the bone around GCTB may be interpreted as an identifying feature of residual tumor (9, 10) . Penetrating tumor margins may reduce the effect of intralesional surgical procedures. The present study provided evidence that supports the view that residual tumors may be responsible for local recurrence, and revealed the 'paint brush borders' sign as a risk factor for local recurrence of GCTB. This suggested that surgeons should increase their awareness of the 'paint brush borders' sign, and should pay more attention to ensure thorough elimination of residual tumors in regions of irregular protrusions by using more aggressive interventions. In the present study, the lengths of the protrusions observable by MRI were consistent with those measured in gross pathological sections. It should be emphasized that a more detailed assessment of the location of the penetrating irregular margins may aid in guiding aggressive surgical treatment. The present study suggested that thorough evaluation of preoperative MRI features may be useful in guiding surgical treatment and reduce local relapse.
MMPs are capable of degrading the entire extracellular matrix (26) . In the present study, MMP-9 protein expression was demonstrated to be associated with the presence of cystic changes identified by preoperative MRI. Furthermore, cystic changes were identified as an independent risk factor for local recurrence. Based on these results, it is speculated that GCTB tumors exhibiting elevated MMP-9 protein expression levels maybe more prone to cystic changes. The recurrence rate in patients with GCTB with cystic changes was 59.46%, whereas recurrence developed in only 1 case (5.56%) in which cystic changes were not observed. This suggests differing properties in tumors with and without cystic changes. MRI is an important tool for identifying tumor properties, including cystic changes, which are associated with a poor prognosis.
A study on sacral chordoma demonstrated that positive expression of MMP-9 may be indicative of local recurrence (27) . However, in the present study, high expression of MMP-9 was not positively associated with local recurrence, nor was expression of VEGF, RANK or RANKL. These negative results may be due to the limited sample size. A number of studies have demonstrated that co-expression of VEGF and MMP-9 is correlated with angiogenesis and invasiveness of human bone tumors (13, (27) (28) (29) . In the present study, MMP-9 protein expression was associated with that of VEGF and RANKL (Table III) . The activation of nuclear factor-κB signaling may activate MMP expression in the tumor and surrounding stromal cells (29) . Therefore, the upregulation of MMP-9 may B, Immunohistochemical analysis (n=22).
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be triggered by RANKL, which is expressed by spindle-like stromal cells in GCTB. Therefore, despite the lack of association with preoperative MRI features, the expression of RANKL in GCTB requires further investigation. Denosumab, a human monoclonal antibody that inhibits RANKL, has been demonstrated to be safe and effective in the treatment of GCTB (30) . Our previous study (17) demonstrated the role of soft tissue masses in the prognosis of GCTB. In the present study, a similar conclusion was made regarding adjacent soft tissue invasion. If the surgeons are able to identify the window of poor bone cortex integrity to perform the surgery in these patients with adjacent soft tissue invasions, it would theoretically decrease the contribution of adjacent soft tissue invasion to the risk of local recurrence.
Peritumoral edema was not identified as a predictor of local recurrence in the present study. Peritumoral edema is a reaction to tumor activity and is associated with its aggressiveness and poor prognosis (31) . It is speculated that the unexpected results of the present study may be due to other confounding factors. For example, the use of phenol to prevent local relapse is controversial (9) , and it may be considered a confounding factor. Furthermore, surgeons have always aimed to improve the surgical procedure in the long run, thereby lowering the recurrence rate. However, the rates of local recurrence in the first and last five years were 45.83 and 38.71%, respectively, which are not significantly different.
The strengths of the present study include that it was standardized to patients with GCTB located around the knee. To exclude the impacts of pathological fracture (32) and soft tissue masses (17) on predicting local recurrence, the present study did not include patients with GCTB with evidence of these conditions.
As peritumoral edema was demonstrated in the majority of study patients, it was predicted that it was associated with recurrence. However, the classification of peritumoral edema may have been inaccurate or subjective. Furthermore, as the pathological sections were dehydrated, it was not possible to pathologically confirm edema. Additionally, the number of patients was relatively small to allow for IHC analysis. To the best of our knowledge, GCTB usually recurs within 2 years (33-35). However, as 3 patients in the present study developed recurrence after ≥2 years of follow-up, the possibility of recurrence in other patients cannot be excluded without a longer period of follow-up.
In conclusion, IHC staining of MMP-9 was demonstrated to be associated with preoperative MRI features of the 'paint brush borders' sign and cystic changes, which, coupled with adjacent soft tissue invasion, were identified as risk factors for local recurrence of GCTB. These results may contribute to the prediction of local recurrence of GCTB, and may provide further insight into these preoperative features and expression patterns. The present study indicated that increased awareness and meticulous attention of surgeons, along with thorough preoperative MRI analysis, are important to reduce local recurrence of GCTB. and JL. Data was acquired by JW, YH and YZ. Imaging interpretation was performed by XD, LD, YH and YZ. Statistical analyses were performed by YH and YZ. The manuscript was prepared by YH. The manuscript was edited by YH and YZ. The manuscript was reviewed by XD and JZ. JX made substantial contributions to conception and design.
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